Imaging plays a crucial role in the diagnosis of hepatocellular carcinoma (HCC) as well as in determining treatment efficacy, or complications, following therapy. Unlike other cancers, HCC is most commonly treated by locoregional therapies (LRTs) such as thermal ablation, transarterial chemoembolization, and transarterial radioembolization. These treatments can lead to changes on imaging that make determination of residual/ recurrent disease difficult. This literature-based review discusses the expected postimaging findings following LRT. Citation of this article: Young S, Taylor AJ, Sanghvi T. Post locoregional therapy treatment imaging in hepatocellular carcinoma patients: a literature-based review.
Introduction
Hepatocellular carcinoma (HCC) is the most common primary liver cancer and the third leading cause of cancer death in the world. 1 Liver transplantation is the gold standard of treatment, however few patients are able to take advantage of this option due to social issues, the lack of available livers and/or the frequent late stage of disease at time of diagnosis. 2 Furthermore, up to 25% of those patients meeting initial requirements and listed for transplantation will eventually drop off the transplant list for a variety of reasons, including tumor progression. 3 Surgical resection is considered to be curative, yet due to underlying liver disease and associated comorbidities few patients are considered surgical candidates. Surgery, despite improved techniques, also confers a higher than desirable mortality and morbidity 4 and, in spite of these risks, recurrence rates remain significant, reported to be as much as 50% at 2 years. 5 The only systemic therapy in regular use, sorafenib, has been shown to have a very modest (2.3-2.8 months) survival advantage in patients with advanced HCC. 6, 7 Given the modest survival advantage and side effect profile, sorafenib is typically reserved for patients with advanced disease who are not candidates for other therapies.
Locoregional therapies (LRTs) are therefore the most common method utilized to treat HCC, and can be subdivided into thermal ablation and intra-arterial therapies. Thermal ablation is notable as the only LRT considered curative in well-chosen patients, being equivalent to surgical resection.
Tumors (RECIST) and World Health Organization (WHO) guidelines that focused on the overall size of the lesion based upon the sum of diameters, using one (RECIST) or two axial dimensions (WHO). [14] [15] [16] These systems, which were designed primarily for cytotoxic, systemic therapy, fell short in evaluating the response following LRT.
The WHO and RECIST criteria revolve around measuring the size of the lesion without accounting for the cellular makeup or viability of that lesion. Because LRTs induce necrosis, through various methods, WHO and RECIST criteria inadequately report the change in tumor viability. Using these criteria can lead to apparent "tumor progression", as the postLRT treatment zone is frequently larger than the initial tumor dimensions.
Because of these limitations two new response classification systems were developed, the modified Response Evaluation Criteria in Solid Tumors (mRECIST) and EASL guidelines. 13, 17 These criteria use contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI) to assess response by using arterial enhancement as a marker for residual, viable tumor and the lack of enhancement as a marker for necrosis. Enhancement is critical in postLRT imaging because the appearance of necrosis is variable and unreliable on noncontrast enhanced imaging. 18, 19 These systems measure the maximal diameter of the residual tumor (that is, the arterial enhancing portion) in one (mRECIST) or two (EASL) axial dimensions and classify the effect to treatment as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). The definition of each response category by classification system can be found in Table 1 .
These enhancement-based criteria (mRECIST and EASL) have been shown to be more accurate predictors of response and survival than the "size alone" criteria (WHO and RECIST) on radiological-pathologic correlation studies. 20, 21 Even so, these systems, on occasion, also incur trouble differentiating benign posttreatment findings from residual/recurrent disease, for example, when patchy arterial enhancement is interspersed within areas of hypoenhancement. 22 Continued interest in improvement and refinement of the response classification systems has led to the recent development of quantitative EASL (qEASL) criteria. This system was developed to address certain deficiencies in the abovediscussed response criteria relating to pathologic correlation and interreader agreement. 23, 24 The qEASL criteria utilize volumetric measurements to gauge residual/recurrent disease extent compared with the mono or bidirectional axial measurements of mRECIST and EASL respectively. 23, 24 These volumetric measurements will both better represent the residual posttreatment tumor and possibly help differentiate responders versus nonresponders in a timelier manner. 24, 25 The principal drawback of this method is the increased labor and time required for volumetric measurements. However, rapid software development using fully or semiautomatic segmentation to provide this 3D measurement is making the delivery of this data more workflow friendly. 25 Imaging modality for LRT follow-up
The most commonly used modalities to evaluate treatment following LRTs are contrast-enhanced multiphase MRI and CT. In comparison analyses among CT, contrast-enhanced ultrasound (US) and MRI, MRI was found to be the most sensitive and specific modality in determining the presence or absence of residual tumor following TACE. 26 The use of CT or MRI, however, varies by institution. Notably, CT has a reduced associated cost, requires less patient cooperation, and suffers less degradation when ascites is present. 27 As discussed above, intravenous contrast is necessary for these evaluations, as posttreatment lesion size alone is not an accurate predictor of treatment response. Given the risk of nephrogenic systemic fibrosis (NSF) associated with administering gadolinium-based contrast agents in patients with impaired renal function, CT follow-up may be preferred in some cases. Contrast-enhanced US has been investigated, but has not performed as well as either CT or MRI and is therefore rarely used. 26 
Technique of multiphase enhancement MRI
Ideally, MRI is a better choice for HCC diagnosis and characterization compared with CT. MRI has both better contrast delineation between the HCC and liver as well as more sequences to dissect out a HCC from the underlying liver leading to MRI's higher sensitivity than CT with nearly 100% specificity. 28 It is beyond the scope of this paper to review in detail the components of an MRI exam and interpretation methods for HCC detection/characterization. But, a basic MRI exam consists of standard sequences which include T2-weighted imaging both with and without fat suppression, T1-weighted in-and opposed-phase sequences, diffusion-weighted imaging (DWI), and unenhanced followed by dynamic contrast-enhanced (DCE) 3D gradient-recalled echo fat-suppressed imaging using either gadolinium-based extracellular or hepatobiliary agents. DCE images typically consist of an arterial phase (AP), portal venous phase (PVP) (65-85 seconds from the beginning of injection), and a delayed phase (DP) (3-5 minutes from beginning of injection). The optimal AP is the "late arterial phase" (LAP) defined as contrast visualized in the hepatic artery, portal vein, but not yet in the hepatic veins. This allows time not only for the contrast agent to be delivered to the arterial fed tumor but also for the contrast agent to proceed into the tumor interstitium, allowing the tumor to enhance relative to the surrounding liver parenchyma. A HCC will typically have hyperenhancement during the LAP with "washout" (the tumor's lower signal intensity compared with the adjacent liver) during the PVP and/or DP to meet major criteria for HCC imaging diagnosis, either at initial diagnosis or as evidence of residual/recurrence postLRT. The other sequences in this exam each have a role in HCC detection/characterization, but this is again beyond this article's scope. It is important to note, subtraction imaging can be helpful given the inherent increased T1 signal intensity in treated lesions.
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Technique of multiphase enhancement CT While CT has been shown to be less effective in HCC detection and characterization than MRI, CT does have qualities that can make it an exam of choice: it takes less patient cooperation, is less affected by large volume ascites, is potentially safer in patients with renal failure, is more readily available, and is cheaper than MRI. The optimal multidetector, multiphasic CT consists of four separate phases through the liver: noncontrast, LAP, PVP and DP, with timing that mirrors that of MRI. While MRI has other criteria available to help in HCC display, CT has mainly the various phases of contrast enhancement. The AP hyperenhancement and washout of the PVP and/or DP will be used to assess for HCC in both pre-or posttreatment.
LRT techniques and posttreatment imaging appearances
Each LRT has a different method of inducing tumor death. These unique methods of inducing tumor death can lead to differences in the characteristics of posttreatment imaging. The following sections will briefly discuss each technique followed by its important posttreatment imaging characteristics.
Ablation
Technique "Ablation" is a general term used to refer to various techniques that use the insertion of probes or needles into a tumor to deliver tumoricidal treatment. Current techniques use thermal ablation to treat HCC. Thermal ablation includes modalities that use cold (cryoablation) and heat (either microwave ablation (MWA) or radiofrequency ablation (RFA)) to induce tumor death. Because cryoablation has been shown to induce an immune reaction leading to fever, thrombocytopenia and/or shock (termed "cryoshock") when treating liver lesions its use has fallen out of favor in current practice. 31 RFA and MWA are currently the most frequently utilized ablation techniques for HCC. Both use heat to induce coagulative necrosis thus tumor death. They vary both in the method used to induce cell death and the size of ablation zone they potentially create; however, these technical differences are inconsequential in terms of posttreatment imaging. The technique consists of placing one or more needle-shaped probes into the lesion, which then generate an area of lethal temperature around them. Next, the probes are retracted, whilst still producing heat to "ablate" the tract.
Other ablative techniques, such as irreversible electroporation, ethanol ablation and chemical ablation, have been reported, 32, 33 but these modalities are rarely used, and do not warrant further discussion at this time.
Contraindications for ablation is a complex subject, which is dynamically changing as technical improvement occurs, and new treatment algorithms are developed. In general, the contraindications for its use are lesions which are large in size, located adjacent to a major vessel and/or located near a critical structure (major bile duct, gall bladder, diaphragm, colon, stomach).
Imaging after ablation
Assessing imaging changes by size alone correlates poorly with treatment effect. As ablation of an extra 0.5-1 cm rim of normal liver around the tumor is necessary for adequate treatment of potential microscopic tumor extension, the treated target area should be larger than the original tumor following ablation. 34, 35 In addition, the ablation-induced necrosis, edema and inflammation in and of itself will often lead to an increase in size initially. 36, 37 The zone of ablation typically decreases in size over the ensuing months.
If imaging is done within the first several days following ablation, gas bubbles are frequently seen, representing posttreatment hydrogen gas, and should be of no concern (Fig. 1) . These bubbles, not indicative of infection, normally resolve within the first couple of weeks. A more troublesome finding/complication following treatment is the presence of active hemorrhage (Fig. 2) .
A common postablation finding is a hypervascular rim surrounding the ablation zone that can remain for several months. This hypervascular rim is initially secondary to hyperemia and then inflammation resulting from the ablation process. 38 The imaging manifestation of this hypervascular rim is seen during arterial enhancement. One study demonstrated this rim in 89% of cases at 1 month, 56% at 1-3 months, and 22% at 3-6 months imaging. 37 The fact that the vast majority of recurrences also occur along the treatment zone periphery may result in some confusion discerning expected marginal enhancement from residual or recurrent tumor. 35, 39 This expected posttreatment rim enhancement should be #5 mm, which may continue into the PVP (Fig. 3A and 3B) . Conversely, residual/recurrent disease along the periphery is typically associated with >5 mm area of AP enhancement and/ or washout on PVP/DP imaging ( Fig. 3C and 3D) . 38, 40 Notably, if an ablation zone abuts a blood vessel >3 mm in diameter, it is common for residual disease or incomplete ablation to occur in this area. 41, 42 This phenomenon results from a "heat sink" effect, where the moving blood in the vessel cools the surrounding tissue, preventing lethal temperatures to be reached.
Therefore, on follow-up imaging, it is important to closely evaluate any areas adjacent to a large vessel. A final region to closely assess is the probe track. Track seeding is rare, occurring in only 0.2% of cases according to one large meta-analysis. 43 Careful evaluation of the ablation track is still necessary so that this rare complication is not missed.
The timing of postablation imaging can vary between institutions. At the authors' institution, imaging is typically performed at 1 month, 3 months, and then every 3-6 months following treatment. Other imaging schedules have been suggested based upon risk stratification, but have not gained widespread acceptance. 44 The authors' institution prefers contrast-enhanced MRI over contrast-enhanced CT, based primarily on the demonstrated superiority MRI has shown in diagnosing HCC. 28 The literature has mixed views of postablation imaging between MRI versus CT. Admittedly, the literature comparing these two modalities are older and therefore do not take into account the advances in both techniques. Some of the reports give MRI the advantage of visualizing residual/recurrent disease, while another paper suggests MRI and CT are equivalent in this task.
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TACE
Technique TACE is commonly performed in two ways. The first, conventional TACE (cTACE) uses lipiodol, an oily radiopaque material, mixed with one or more chemotherapeutic agents followed by embolic particles to treat HCC. 47 The second, drug-eluting bead TACE (DEB TACE) treats HCC with particles that slowly release a chemotherapeutic agent. 47 Both techniques involve cannulation of the arteries feeding the tumor with a catheter or microcatheter and the delivery of one of the above described agents.
The goal of these techniques is to deliver a high dose of local chemotherapeutic agent, then stop blood supply to the tumor.
The goal of eliminating blood flow to the tumor is to both cause ischemic cell death and to increase the dwell time of the chemotherapeutic agent. A third technique in this LRT arm is TAE. TAE differs from both cTACE and DEB-TACE in that it simply treats the HCC with embolization alone, forgoing any chemotherapy. 47 Multiple studies comparing these techniques have failed to show any significant difference in outcome; however, despite this, TAE is seldom used. [48] [49] [50] TACE is contraindicated in patients with decompensated liver cirrhosis and bilobar extensive tumor involvement. 51 Relative contraindications relate to other compromised organ function, especially related to the heart or lungs, HCC >10 cm in diameter, untreated varices associated with variceal bleeding, and significant portal vein thrombus. 51 
Imaging after TACE
The differences in the previously described methods become critical during follow-up imaging. Lipiodol stains the treatment area/tumor for months following cTACE, while the contrast given with DEB-TACE and TAE typically washes out after a few hours. 40, 52 After cTACE, patients are typically imaged with a noncontrast CT within 24 hours to evaluate lipiodol distribution. The presence of lipiodol being taken up in the entire tumor is associated with complete necrosis. 53 If the tumor does not show lipiodol coverage, the patient can be scheduled for a repeat TACE without having to wait for delayed follow-up imaging. If only a portion of the lesion is stained, it is not likely that the lesion will achieve complete response, and alternative-feeding arteries should be sought. 54 It is common for HCC lesions to require more than one TACE to achieve maximal response. 55 Similar to ablation, postTACE results are best evaluated on contrast-enhanced CT or MRI. As with ablation, lack of enhancement is a surrogate for tumor death, and has been found to correlate well with pathologic necrosis. 54 Following TACE, as with ablation, it is not uncommon to see a thin rim of enhancement around the treated lesion. If this rim is #5 mm in width and shows persistent enhancement, not washout, on portal venous phase imaging, it most often does not signify recurrence ( Fig. 4A and 4B) . 40 Residual tumor is primarily demarcated by nodular, usually >5 mm, areas that demonstrate arterial enhancement and subsequent washout. Recurrences are most commonly at the edge of the treatment area ( Fig. 4C and 4D ). 56 Again, timing for posttreatment follow-up with imaging is at 1 month, 3 months, and then every 3-6 months at the authors' institution. Similar to ablation, alternative follow-up schedules have been suggested, but have not attained general acceptance. 44 A recent survey of Society of Interventional Radiology (SIR) members found that nearly two-thirds of responders preferred 1 month follow-up posttreatment for conventional TACE, DEB-TACE, and TAE at 63% (54/86), 64% (53/83), and 64% (50/78) respectively. 57 The deposition of lipiodol can lead to beam hardening artifact and obscure enhancement on arterial phase, reducing the sensitivity of CT for postcTACE imaging. 26, 58 Recent advances in dual-energy CT may allow the sensitivity of contrast-enhanced CT to be increased following cTACE, but this technology is not readily available for clinical use.
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The authors' institution prefers the use of MRI given the reduced sensitivity seen from any lipiodol artifact and the previously mentioned superior performance of MRI in the pretreatment phase.
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TARE
Technique
TARE is similar to TACE in that it involves treatment of tumors by delivering particles to the artery feeding the tumor through a microcatheter. However, TARE differs from the other techniques in that these particles are radioactive and induce tumor death through beta-radiation. 61 Furthermore, while TARE is delivered via arterial injection, it is not considered to be embolic, but microembolic. 61 This is starkly different from TACE, which relies on a second step of embolization to stop blood flow to the tumor and induce tumor death. TARE does not induce tumor death by stopping blood flow but rather by beta radiation. This radiation effect is potentiated by the oxygen delivered by continued blood flow, and thus the persistent blood flow to the region is beneficial.
Contraindications to TARE are the presence of a pretreatment testing shunt to the lungs that would potentially deliver >30 Gy radiation pulmonary exposure, or potential gastrointestinal embolism. Relative contraindications relate to poor hepatic reserve, irreversible elevated bilirubin, and prior hepatic radiation. 62 
Imaging after TARE
The beta radiation emitted by the intraarterially delivered yttrium 90 causes diffuse increase in blood flow to the treated area that translates to increased contrast enhancement on follow-up imaging, termed "radiation effect". 22, 63 This diffuse enhancement pattern can frequently lead to confusion over the presence or absence of residual disease. 18, 64 It is common for patients to develop patchy arterial enhancement throughout the treatment zone, which is poorly predictive of residual disease prior to 90 days posttreatment ( Fig. 5A and 5B). 18, 64 After 90 days, this patchy enhancement dissipates and lesions that show typical characteristics of HCC, namely LAP enhancement with PVP/DP washout ( Fig. 5C and 5D ), can be more reliably defined as such. After 90 days posttreatment, as with other treatment methods, it is expected that successfully treated areas will show a lack of arterial enhancement. It should be noted that a variable amount of adjacent "normal" liver will be included in the treatment field. It is common that with time this liver will slowly retract and become less prominent along with the treated tumor. Frequently, fibrosis will develop in this "normal" liver and show the typical fibrotic enhancement pattern of increasing enhancement on PVP/DP. Also on followup, imaging can display evidence of the rare instance of "nontarget" embolization with its radiation effects (Fig. 6) .
Timing of posttreatment imaging is somewhat controversial in TARE, with many practitioners abstaining from imaging at 1 month, due to the enhancement issues discussed above. This was noted in a recent survey of SIR members, which found that imaging follow-up after TARE was preferred at 1 month by 26 of 74 (35%) responders, while 32 of 74 (43%) preferred the first imaging to be obtained at 3 months. 57 These results differ from the other posttreatment timing reviewed above. The authors' institution again prefers MRI to CT for postTARE imaging, largely for the same reasons described in prior sections.
Special considerations and evolving areas in posttreatment imaging
DWI DWI is a term used to refer to the restriction of water diffusion in tissue, as evaluated by two or more sequences on MRI. Water restriction is seen as hyperintense signal intensity on DWI sequences and hypointense signal intensity on apparent diffusion coefficient (ADC) sequences. Many tumors, including HCC, show restriction of water movement and are thus visible on DWI. Following treatment-induced necrosis, water restriction is "improved" (that is, the molecules can move around more freely) and this restriction is no longer present.
This microscopic change is reflected by an increase in the ADC signal intensity. 65, 66 This increase in ADC signal following treatment has been shown to correspond to necrosis. 67 The DWI technique can be helpful both as another piece of imaging information in equivocal cases as well as when contrast enhancement is contraindicated. However, there has been a report that even with continued presence of restriction displayed on DWI, there may be pathologic necrosis. 68 DWI has been used to try to help in the assessment of residual/recurrent disease within the first 90 days following TARE, in view of the problems related to contrast enhancement described above. Some authors have suggested that DWI can predict tumor response at 1 month (Fig. 7) . Others, however, have not been able to reproduce DWI's value in this clinical scenario. 71, 72 While this area continues to be of interest, the variety of DWI techniques and disparity in results suggest it is not ready for clinical use in this setting 72 and its importance remains to be determined.
Perfusion imaging
Attempts to determine tumor blood flow, referred to as "perfusion", have been made in both CT and MRI. CT attempts to estimate tumor perfusion by using single level imaging repetition after contrast administration, while MRI uses acquisition data from dynamic contrast-enhanced imaging. 53 These techniques are used to create different parameters, such as "time to peak" and "mean transit time", among others. 73 While some initial results have been promising, these techniques require dedicated software to perform the necessary calculations and there has been evidence of significant inconsistencies between software packages. 73, 74 The extra time, added costs, and relatively experimental nature of perfusion means that it is not currently in widespread use.
Conclusions
The imaging of HCC following locoregional therapies is of crucial clinical significance to the patient and the patient's multidisciplinary treatment team. While interpretation of the imaging can be challenging at times, multiple studies have elucidated key characteristics to help guide patient treatment decisions and accurately define treatment results.
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